W e developed a laboratory exercise that involves the construction and subsequent manipulation of a model of the cardiovascular system. The laboratory was designed to engage students in interactive, inquiry-based learning and to stimulate interest for future science study. The model presents a concrete means by which cardiovascular mechanics can be understood as well as a focal point for student interaction and discussion of cardiovascular principles. The laboratory contains directions for the construction of an inexpensive, easy-to-build model as well as an experimental protocol. From this experience students may gain an appreciation for science that cannot be obtained by reading a book or interacting with a computer. Students not only learn the significant physiological concepts but also appreciate the importance of laboratory experimentation for understanding complex concepts. Model construction provides a hands-on experience that may substantially improve performance in science processes. We believe that model construction is an appropriate method for teaching advanced concepts.
Employment opportunities in the future will require higher skills and understanding of math and science. Furthermore, employees will be expected to work cooperatively to solve problems and develop solutions. These expectations will require educators to design curricula that include a thorough background in math and science and are presented in a matter that contributes to the development of thinking practitioners (4, 10, 16) . The thinking practitioner is competent in basic science facts as well as the application of a scientific knowledge base to analyze and solve problems. Therefore, students must be taught in a manner that fosters analytic thought processes and teamwork (9, 20) . For students to develop independent critical thinking skills, educational material must require the student's active involvement and encourage them to take responsibility for their learning (8, 14) . Without proper training of the work force for the future, the effect on the economy, society, and our standard of living will be detrimental. Therefore, it is in the best interest of our nation to raise the level of education of all its citizens in an effort to meet the demands of a changing society and remain competitive in the world arena.
Model construction is one way to improve thinking skills as well as enhance collaborative efforts (17, 21) . Models have been shown to change the focus and organization of scientific thinking (15) . Models also encourage logic, reasoning, and creativity, all of which are assets to the scientific thought process.
Model construction also requires students to recognize the reality that ''perfect solutions'' and answers to problems encountered in the real world are difficult to obtain. Students quickly understand that perfect solutions are substituted with optimal solutions, that is, solutions that minimize problems while maximizing the utility of the finished model. To perform this intellectual balancing act, students explore concepts in greater depth and across disciplines to obtain the optimal solutions. Students quickly realize that they must consider and incorporate this self-acquired novel information into the construction of the model to find those optimal solutions.
For these reasons, we developed a laboratory exercise that involves the construction and subsequent manipulation of a model of the cardiovascular system. Construction of the model only requires inexpensive materials, which can be found around the classroom or purchased through scientific catalogs. Students are challenged to build the model and subsequently manipulate and measure changes in cardiovascular parameters. On the basis of data obtained from manipulating the model, students answer questions designed to provoke thinking on integrated cardiovascular physiology. Finally, students complete a table summarizing the effects of the manipulations that are performed.
Our intention was to provide a discussion on the educational advantages of model construction as well as providing a hands-on laboratory exercise that could be adapted to a variety of educational situations. This paper includes the model construction procedures (APPENDIX A), laboratory exercise to manipulate the model (APPENDIX B), and exercise solutions (APPENDIX C).
Construction and subsequent manipulation of this cardiovascular model encourage active and cooperative learning strategies. These strategies are appropriate for science education and are the heart of problembased learning (3) . Cooperative learning strategies should be employed whenever the learning goals of conceptually complex subjects encompass divergent thinking, critical thinking, long-term retention, and/or the social development of students (11) (12) (13) . Evidence suggests that with the use of activity-based science programs, teachers can expect substantially improved performances in science processes (3).
We have used the cardiovascular model and accompanying laboratory in several arenas with great success. The model has been constructed and used as a demonstration during lecture for medical school students. One of the greatest benefits occurred after lecture when students manipulated the model to gain a better comprehension of a concept that was not fully understood. We also used the model to illustrate points and answer questions that came up during and after lecture. Students often used the model before exams to review concepts. During this time the students manipulated the model to reinforce concepts addressed in lecture through problem-based learning. All the feedback we received from medical students after lecture and exams were positive, and students reported that the model was useful as part of their review.
Although the model is useful as a demonstration, the greatest benefits occur when students construct and subsequently manipulate the model. This model and exercise is successful with students for enhancing self-esteem from a job well done and encouraging group learning, as well as exposing students to basic cardiovascular concepts. For this experience, students work in groups of three or four. The students are challenged to work together, follow instructions, and build the model. Judging by the enthusiasm and comments made during this experience, it is clear that active, problem-solving experiences foster confidence, understanding, and self-esteem. Students who complete the model have a great sense of satisfaction, a good understanding of cardiovascular concepts, and enhanced social skills. These skills are required for employment opportunities in the future. Greater emphasis will be placed on cooperative experiences to solve problems and find solutions (19) .
Even though the benefits of model construction are numerous, model construction is not a cure-all solution for educators. The role of the instructor is crucial for the success of the class and the construction of the model. It is important to note that construction alone does not guarantee learning. The important part is not that students manipulate things physically but that they do so for a purpose and engage in discussion about it (22) . Therefore, it is important for the instructor to specify the objectives for the lesson, assign the groups, explain the task and goal, and assess the effectiveness of the learning groups and the individual student's achievement (10, 16, 17, 20) . The instructor's primary role is to explain the goals of the laboratory for the students to complete the tasks and achieve the established objectives. To clarify the goals of education, a hierarchy was created that includes, in order from the simple to most complex, knowledge, comprehension, application, analysis, synthesis, and evaluation (2) . This hierarchy is known as Bloom's Taxonomy. The benefits of using the cardiovascular model permit educators to incorporate all six levels of learning into their goals.
The goals of this laboratory are as follows.
1) The students should learn to identify the components of the model in relation to their physiological analogs and begin to understand how they work together to simulate the cardiovascular system. During this process students also begin to appreciate the subtle qualities inherent in the cardiovascular system that may be difficult to convey via lecture (knowledge and comprehension).
2) Students are challenged to operate their models under different conditions such as constriction of vessels or changes in heart rate (application).
3) The students must interpret the output of the model and determine the results of the different perturbations by completing tables (analysis and synthesis).
4)
The students are continually evaluating their models' performance, which in turn translates into a self-evaluation of their own knowledge. In addition, the educator can informally assess the knowledge base of the group or individual by asking and/or answering questions during the laboratory (assessment).
Addressing the class, the group, and even the individual results in several crucial benefits at the highest level of learning, evaluation. By interacting with the groups, the instructor can quickly develop an idea of the level of comprehension and whether the goals have been met. As the comprehension level is determined, the instructor can quickly adapt to the needs of the individual, group, or entire lab. This type of informal assessment is an ongoing communication process with immediate payoffs as opposed to lecture and test taking (formal assessment). Lecture generally becomes unilateral communication, with the instructor relaying information that may or may not be pertinent and/or retained. Student retention is then only formally assessed by a test after all the material is covered. This is very counterintuitive considering the fact that instructors generally move on to the next topic after the grade is earned from the test and seldom address the needs demonstrated by the results of the test.
In conclusion, we have provided a supplement to traditional teaching, which includes a laboratory exercise that involves the construction and subsequent manipulation of a model that demonstrates many important principles of cardiovascular physiology. By constructing and manipulating this model, students gain an understanding of cardiovascular function and inquiry-based learning. In addition, we have provided sources for supplemental reading, the laboratory itself, and solutions for the instructor. With these sources, instructors will have a project with clearly defined goals, relevant content, and questions and answers, all of which ensure a positive cooperative learning experience for both students and instructors.
APPENDIX A: CONSTRUCTION OF MODEL
Faculty and students are encouraged to discuss basic principles of cardiovascular physiology before constructing the model. Several relevant educational reviews addressing cardiovascular principles are recommended (see Refs. 1, [5] [6] [7] 18 ).
To make the directions for the construction of the cardiovascular model as clear as possible, each component has been assigned a letter and illustrated. A list of all the materials required for model construction can be found in Table 1 . Students are challenged to construct and manipulate the model and to understand what each component of the model represents.
Part 1: Constructing the Left Ventricle of the Heart
Connect the one-way valves ( Fig. 1 , part D) by inserting them into the two openings on the top of the two-hole rubber stopper ( Fig. 1 , part A2; top denotes widest part of stopper). Be sure to place the valves so that flow can occur into and out of the stopper. One one-way valve will allow fluid to flow in whereas the second one-way valve will allow fluid to flow out. Insert the heart-shaped balloon ( Fig. 1 , part C) into the 60-ml syringe (plunger removed) ( (Fig. 1 , part J) will create a negative pressure inside the left ventricle. When this happens, the balloon in the syringe (Fig. 1 , part K) will inflate and fill with air. Pumping the plunger will enable the student to act as the muscle for the heart to pump the blood throughout the system.
Part 2: Assembling the Cardiac Output Measurement Device
Measure and cut one 24-cm section of Tygon tubing (Fig. 3 , part E). Insert the narrow end of the tubing connector (Fig. 3, part B) into the one-hole rubber stopper (Fig. 3 , part A1). Attach the tubing (Fig.  3 , part E) to the free end of the tubing connector in the rubber stopper. Use the stopper to seal the opening of a 60-ml syringe ( 
Part 3: Construction of the ''Blood'' Pressure Measurement Device
Cut a 60-cm piece of Tygon tubing (Fig. 6 , part E). Use scotch tape to attach the tubing (Fig. 6 , part E) lengthwise to one side of the meter stick (Fig. 6 , part L). Be sure to leave approximately a 5-cm length of tubing below the end of the meter stick as illustrated in Fig. 7 . This 5-cm section of tubing will be attached to the T connector (Fig. 6 , part I). Cut and connect the 30-cm piece of Tygon tubing (Fig. 6 , part E) to the end of the T connector opposite the end leading to the blood pressure measurement device. Refer to Fig. 7 . Once this step is complete, connect the tubing leading from the T connector of the blood pressure measurement device to the syringe tip of the cardiac output measurement device (Fig. 4) as illustrated in Fig. 8 .
Part 4: Construction of the Venous Reservoir
To visualize the effect of ''blood'' pooling in the ''veins,'' stretch the balloon with air and allow it sit for ϳ15 minutes. This will allow the water ''blood'' to pool and not simply run through the balloon. After the balloon has been stretched, cut a narrow hole in the end of the long balloon (Fig. 9, part F) . Firmly attach the mouthpiece of the long balloon to the wide end of the tubing connector (Fig. 9 , part B). Wrap a rubber band (Fig. 9 , part G) around the balloon and the tubing connector to ensure a firm, leak-free connection. Repeat this procedure using the second tubing connector (Fig. 9 , part B) and the opening cut in the end of the balloon. Refer to Fig. 10 . Cut two 24-cm sections of Tygon tubing (Fig. 9 , part E). Connect one piece of tubing to each of the tubing connectors exiting the ends of the balloon. Figure 10 illustrates the completed venous reservoir. To connect the venous reservoir to the previously constructed portion of the model, locate the third remaining end on the T connector (Fig. 7) . Connect the completed venous reservoir by attaching one tubing of the completed venous reservoir to the third end on the T connector. Figure 11 illustrates how the model should appear at this point.
Part 5: Construction of the Muscle Pump
Insert a one-way valve (Fig. 12, part D) into the rubber bulb (Fig. 12 , part H). Determine which way this valve allows fluid to flow by blowing air into it. Connect the second one-way valve (Fig. 12, part  D) to the opposite end of the rubber bulb. Be certain that this valve is pointing in the same direction as the first valve. Once assembled, the muscle pump should resemble the pump shown in Fig. 13 . Notice that this assembly allows fluid to flow in only one direction.
To attach the muscle pump to the rest of the model, determine which valve allows flow into the rubber bulb. Connect this valve to the Tygon tubing exiting the venous reservoir (Fig. 10) . The model should resemble the model illustrated in Fig. 14 . Insert the tubing connector (Fig. 15, part B) into the one-hole rubber stopper (Fig. 15, part A1 ). Seal the end of the 60-ml syringe (Fig. 15, part K) by placing the stopper into the end where the plunger was removed. Next, cut and connect a 40-cm section of Tygon tubing (Fig. 15 , part E) to the tubing connector that is inserted into the rubber stopper. Cut and connect a 10-cm section of Tygon tubing (Fig. 15 , part E) to the tip of the 60-ml syringe. Use a drill or Phillips head screwdriver to punch a hole in the syringe just below the rubber stopper inserted into the syringe. Refer to Fig. 16 for an example of the completed right atrium and the location of the hole. Attach the free end of the tubing leading to the rubber stopper to the one-way valve flowing out of the muscle pump (Fig. 13) . Connect the 10-cm section of tubing attached to the tip of the syringe to the one-way valve entering into the completed left ventricle (Fig. 2) . This completes the circulatory system and should resemble the completed system illustrated in Fig. 17 . Figure 18 illustrates how the model should appear after completion. Suspend the syringe representing the right atrium (Fig. 18, device 6 ) and the left ventricle (Fig. 18 , device 1) on a ring stand. The bottom of the syringe representing the right atrium should be higher than the top of the two one-way valves entering the left ventricle. Next, suspend the cardiac output measurement device (Fig. 18, device 2) on the second ring stand with the tip of the syringe facing down. Finally, suspend the blood pressure measurement device (Fig. 18 , device 3) from the same ring stand, which supports the cardiac output measurement device. The rest of the circulatory system can remain on the table. Now that everything is connected and sealed, fill the system with water. Carefully remove the stopper from the top of the right atrium and slowly pour ϳ100 ml of water into the right atrium while simultaneously ''pumping'' the left ventricle. Continue until the entire system is filled, all the air is removed, and only fluid can be pumped back to the right atrium via the muscle pump (Fig. 18, device 5 ). Place a clamp (Fig. 18 , part M) along the section of tubing connecting the left ventricle (Fig. 18, device 1) to the cardiac output measurement device (Fig. 18 , device 2) to prevent spontaneous flow into the cardiac output measurement device. Place a second clamp (Fig. 18 , part M) along the section of tubing connecting the blood pressure measurement device (Fig. 18 , device 3) to the venous reservoir (Fig. 18, device 4) . This clamp will allow the students to alter peripheral resistance (PR). Before proceeding with the experiments, become acquainted with the model's components and how the whole model works.
Part 7: Setting Up the Cardiovascular Model

Explanation of the Components of the Cardiovascular Model
The two one-way valves, which control flow into and out of the left ventricle, simulate the atrial-ventricular (flow in) and aortic (flow out) valves, respectively. The valves are very important in keeping the blood moving in one direction. In the cardiovascular system, http://advan.physiology.org/ valves also exist in the heart and in the veins for the same purpose. Without these valves, blood would travel in one direction during systole and then in the reverse direction during diastole. This is due to the fact that fluid flows from a region of high pressure toward a region of low pressure. The left ventricle is the last chamber of the heart through which blood travels before being pumped throughout the vasculature. Therefore, in the body, the left ventricle is the strongest chamber because it must generate a pressure greater than that found in the arteries to force blood out of the heart.
FIG. 14. Left ventricle (1), CO measurement device (2), and blood pressure measuring device (3), venous reservoir (4), and muscle pump (5). Model how muscle pump is connected to circulatory system.
I N N O V A T I O N S
The second portion of the model constructed will be used to measure cardiac output (CO). The volume of blood ejected from the left ventricle after each systole can be measured on the side of the syringe. This is known as stroke volume (SV). CO can be determined by multiplying SV by heart rate (HR). Pressure can be measured in the tubing ''artery'' during systole and diastole. The pumping ''beating'' of the balloon ''heart'' will cause the water ''blood'' in the tubing to rise or fall during systole and diastole. Changes in arterial pressure will occur with changes in resistance and can be measured using the blood pressure measurement device constructed in Part 3. By increasing the tension on the clamp and squeezing down on the ''vessel,'' ''blood'' flow is decreased due to the increase in resistance. This will cause an increase in pressure within the ''vessel.''
The long balloon represents the venous reservoir in which blood pools during normal, nonexercise states. The rubber bulb represents the muscle pump, which actively pumps blood out of the venous reservoir and back into the circulation. One-way valves are important here because they ensure that ''blood'' is flowing in one direction, toward the heart, and that no ''blood'' returns to the venous reservoir. The syringe acts as the right atrium and allows students to observe venous return and its effects on preload.
APPENDIX B: LABORATORY PROCEDURE
In completing this laboratory, students are challenged to manipulate the model of the cardiovascular system and observe the changes that occur.
Part 1: Establishing Controls
Control values for HR, CO, arterial pressure, and venous return must be established. Setting and obtaining the control values provides a baseline that can be compared with values obtained when students experimentally change one or more hemodynamic variable.
A.
It is important that all the air within the model be removed prior to the initiation of the exercise.
B.
Students should work in teams of three to four members. One student should operate the left ventricular pump. The second student should operate the muscle pump and monitor the volume of fluid in the right atrium. The third student should monitor and record the data. http://advan.physiology.org/ C. By pumping the plunger attached to the left ventricle at a constant rate and volume of air, one is able to cause the balloon ''heart'' to pump water ''blood.'' Start pumping so that the HR is 6 ''beats'' per minute and the volume of air changes 30 ml. Simultaneously, begin squeezing the muscle pump to force ''blood'' out of the venous reservoir and back to the right atrium. It is important that the muscle pump is pumped in conjunction with the left ventricle to maintain a constant level in the right atrium. This is known as preload. For the control measurements, maintain a preload of ϳ30 ml.
FIG. 17. Left ventricle (1), CO measurement device (2), and blood pressure measuring device (3), venous reservoir (4), muscle pump (5), and right atrium (6). Model illustrates how right
D.
Turn the small clamp (Fig. 18 , part M) located between the venous reservoir (Fig. 18, device 4 ) and blood pressure measuring device (Fig. 18, device 3 ) so that ''systolic blood pressure'' (SBP) is ϳ20 cm and ''diastolic blood pressure'' (DBP) is ϳ10 cm. To measure these pressures, students use the device constructed in Part 3. SBP is measured when the ''heart'' is forced to contract, i.e., when the syringe is forcing air into the other syringe. DBP is measured when the ''heart'' is relaxing, i.e., when one pulls back on the syringe.
E.
Measure CO by using the syringe constructed in Part 2. The syringe measures SV. To calculate CO, students must record the volume ejected in a one-minute period of time. Students can determine this value using either of two methods. One method to determine CO is by estimating SV, the volume ejected per ''heart beat,'' using the cardiac output measurement device. Calculate CO using the equation CO ϭ (SV)(HR). A second method to determine CO is by collecting the volume ejected in a one-minute period of time. To do this, remove the stopper going into the top of the cardiac output measurement device and clamp the tubing exiting the cardiac output measurement device completely shut. Measure the volume ejected into the cardiac output measurement device in a one-minute period. Students must note that other values cannot be obtained while using this method to determine CO. Students are also encouraged to develop their own ideas for determining CO using the cardiac output measurement device and the equation as their tools.
F.
Values recorded for HR, SV, CO, SBP, DBP, and venous return should be used to reestablish control settings after each part of the experiment. Record these control values in Table 2 .
Part 2: Effects of Changing PR
A. After establishing control values, increase PR by tightening the clamp located between the venous reservoir and the blood pressure measurement device. Be sure to maintain the established control parameters for left ventricle preload via the muscle pump, SV and HR. Measure arterial pressures. Table 2. 2. In the human, what is the analogous situation to an increase in PR?
What effect does increasing PR have on mean arterial pressure (MAP), SBP, and DBP? Record values in
3. Predict the effect of a decrease in PR on the pressure parameters. Reduce PR, measure the effects on the pressure parameters, and record these values in Table 2 . 
Part 5: Effects of Changing the Muscle Pump
A. Return the model to control settings detailed in Part 1.
B.
As one student maintains these control settings, another student should increase the muscle pump activity so that preload increases to 50 ml in the right atrium.
6. What are the effects on the pressure parameters and CO? Record these values in Table 2. 7. From where is the muscle pump pumping the ''blood''?
C. Stop the muscle pump activity so that preload falls to 0 ml in the right atrium.
8. What are the effects on the pressure parameters and CO? Record these values Table 2 .
Part 6: Effects of Posture on Cardiac Function
A. Return the model to the control settings detailed in Part 1.
B.
Place the right atrium on the table to simulate an individual in the supine position (lying down). Begin pumping at the control rate and record CO.
C. Place the right atrium back on the ring stand to simulate an individual standing upright. Begin pumping at the control rate and record CO.
9. What effect does lying down and standing up have on CO and arterial pressure? Why do these changes occur? Record these values in Table 2 . Changing from the supine to standing position too quickly causes one to feel dizzy. Why does this occur?
APPENDIX C: INSTRUCTOR'S SOLUTIONS TO EXERCISE QUESTIONS
Before discussing the overall regulation of the cardiovascular system, it may be useful to review the basic relationship between MAP, CO, and PR, that is,
It is obvious from the above relationship that any condition that increases CO and/or PR will result in an increase in MAP, with the assumption that the other factor does not change. Answers to Table  2 are presented in Table 3 .
Question 1
PR reflects the state of vasoconstriction and/or vasodilation and measures the resistance to blood flow. Resistance is directly related to blood viscosity and vessel length and is inversely related to (vessel radius) 4 . Accordingly, the radius of the vessel is the single most important factor regulating PR. Thus, in the body, a very small change in arteriole radius has an exponential effect on PR. In the cardiovascular model, an increase in PR results in an increase in MAP.
SBP is the pressure exerted by the blood against the walls of arteries when the heart is contracting (systole). SBP is a function of the volume of blood ejected into the arteries during systole and compliance of the vasculature. By increasing PR, the ability of the ''blood'' to flow out of the arterial segment was decreased. Thus a greater volume of blood remained in the vessel and exerted more pressure on the walls of the arterial segment, and SBP increased.
DBP is the pressure exerted by the volume of blood remaining in the arteries when the heart is at rest (diastole). It is a function of the length of time the heart is at rest (or HR), compliance of the vasculature, and the outflow of blood into the periphery. Increases in PR impede the outflow of blood from the arterial segment. This 
Question 2
In humans, an increase in PR is analogous to the condition known as hypertension. When a person is said to have hypertension, it is generally meant that his or her MAP is higher than the upper range of the accepted norm. An individual with a MAP of Ͼ110 mmHg under resting conditions is considered to be hypertensive. This MAP occurs when DBP is approximately Ͼ90 mmHg and SBP is approximately Ͼ140 mmHg.
Hypertension has two primary effects on the cardiovascular system: 1) increased work of the heart and 2) damage to arteries and peripheral organs. For blood to be ejected from the left ventricle into the aorta, the aortic valve must open. This is achieved when left ventricular pressure is greater than aortic pressure. Think of the aortic valve as a swinging door. For example, left ventricular pressure opens the ''door'' in one direction, whereas aortic pressure closes the ''door'' in the opposite direction. In hypertension, the pressure against which the left ventricle must beat against is significantly increased. Thus the pressure required by the heart to open the aortic valve is higher than that pressure generated in normotensive individuals. Consequently, the workload of the heart increases. In response to the increased workload, the heart enlarges (hypertrophies).
Arteries also suffer from the prolonged exposure to the increase in blood pressure. High pressure in the arteries causes arteriosclerosis. The formation of blood clots and weakening of the vascular wall characterize the arteriosclerotic process. These vessels, therefore, frequently thrombose and/or rupture. In either situation, marked organ damage can occur throughout the body. This can be life threatening if damage to the brain and/or kidney occurs.
Question 3
A decrease in PR results in a decrease in MAP, SBP, and DBP due to the increased ability for blood to flow out of the arterial section.
Question 4
Review the basic relationship discussed at the beginning of this appendix.
Cardiac output is the product of HR and SV. It is the volume of blood pumped by the heart in one minute. An increase in the amount of blood pumped into the aorta with each heart beat (SV), increases the amount of blood pumped by the heart in one minute. Thus an increase in SV will result in an increase in CO.
As previously discussed, SBP is a function of the volume of blood ejected into the aorta during systole (i.e., SV). Because a greater SV increases the volume of blood within the arteries during systole, SBP increases.
DBP is a function of the volume of blood in the arteries during diastole. Because there is an increase in the volume of blood in the artery due to the greater SV, there will also be an increase DBP. The increase in DBP will not be as significant as the increase in SBP.
Question 5
An elevated HR increases the time the heart contracts, and thus more blood is pumped into the aorta in one minute. Thus CO increases.
Mean arterial pressure, determined by SBP and DBP, is the product of CO and PR. Factors influencing CO and PR will alter SBP and DBP. Ultimately, MAP will change. The elevated HR will increase the amount of blood located in the arteries, thus increasing SBP. In turn, the elevated SBP will contribute to an increase in MAP.
The elevated HR also effects DBP. An increase in HR reduces the length of time spent between each cardiac contraction. Consequently, the inflow of blood into the vasculature is increased during diastole. Thus DBP increases, which also contributes to the increase in MAP.
Question 6
In combination with venous valves, contracting skeletal muscles serve as an effective and powerful pump, driving blood back to the heart (venous return). Immediately after contraction, the veins are empty and competent venous valves prevent any backflow. At this instant, pressure in the emptied veins falls to zero. This provides a maximum pressure gradient. This is important because blood flow can be characterized as movement down a pressure gradient. Thus blood flows into the veins.
Venous return is increased by means of the muscle pump compressing and expanding peripheral veins. The increase in venous return lengthens the cardiac muscle fiber. Thus, in accordance with the Frank-Starling mechanism or length-tension relationship, the force of contraction increases. The increase in contractility ejects a greater quantity of blood out of the heart, and thus SV increases. Because SV is a component that determines SBP, SBP is in turn increased. In addition, the greater SV increases the volume of blood in the artery during diastole. Thus there will also be an increase in DBP. Taken together, the increase in SBP and DBP will contribute to an increase in MAP.
Question 7
The muscle pump removes blood from venous storage. Although the same amount of blood is in the body, much of it was stored in the venous side of the circulation (balloon).
Question 8
Without blood in the atrium, the ventricle will have no blood to eject; thus CO and MAP will equal zero.
Question 9
Changing from a supine to an upright position causes an abrupt translocation of blood from the thorax into the veins of the lower extremities. Because veins (balloons) are distensible, they distend and blood pools in the lower body. The sudden loss of venous return and consequent inability to maintain CO leads to abrupt syncope. If veins had rigid walls, no distension would occur and no change in CO would be observed. Thus syncope would be avoided.
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